Abstract: A novel 3D conductive heat transfer model was developed based on node temperature inheritance. Heat transfer of the mold and billet could be analyzed synchronously. In the model, heat transfer in the copper wall was in a steady state, whereas heat transfer in the billet was in a transient state. The temperature distribution indicated that the maximum temperature on the copper wall reached approximately 30 mm below the meniscus. The results were in better agreement with industrially measured data than those of traditional 2D heat transfer models. The model was applied to study the effect of water scale on heat transfer of a billet mold. When the scale thickness increased from 0 to 0.5 mm, the maximum temperature on the copper wall increased from 174°C to 364°C, which will lead to mold deformation and peeling of the coating. In addition, the shell thickness slightly decreased with increasing scale thickness.
Introduction
The cooling water quality of the mold is a critical factor in the process of continuous casting (CC) . If the water quality is poor, the scale is easily precipitated and adheres to the surface of the mold wall [1] . The scale provides additional thermal resistance that reduces the mold heat flux, resulting in an increase of the copper wall temperature. A higher mold wall temperature will lead to mold distortion and coating exfoliation. In addition, the scale is usually unevenly distributed, which triggers irregular mold heat transfer and results in uneven shell solidification. Therefore, the scale on the mold wall is closely associated with the billet surface quality and even molten steel breakout [1, 2] . However, published studies on this issue are limited.
In the CC process, heat transfer and solidification of the billet are performed at the same time as heat transfer of the copper wall. Some traditional models have been used to independently calculate the temperature of the copper wall and billet, which is physically defective and will lead to deviation between the calculated results of the copper wall temperature and the actual production results. To analyze the heat transfer behavior of the copper wall and billet synchronously, two types of models have been developed in previous studies: a 2D model and 3D model. For the 2D model [3, 4] , the slice of the solidifying billet shell and mold wall moves downward at a certain casting speed to simulate the CC process. However, in actual production, the copper wall is fixed (neglecting mold oscillation) and does not move downward with the billet or slab. For the 3D model, in most studies, the heat transfer behavior was analyzed by coupling the flow field and temperature field. In 2007, Shamsi et al. built a 3D mathematical model to simulate the heat transfer of the mold and slab based on considerations of fluid flow, heat transfer, and solidification [5] . In 2010, Tian et al. built a 3D model that coupled fluid flow, heat transfer, and macroscopic solidification in a thin slab [6] . In 2016, Zhang et al. built a 3D model that coupled fluid flow, heat transfer, and solidification to simulate a beam blank mold [7] . However, 3D thermal conductivity models for simultaneous analysis of temperature in the copper wall and billet/slab have seldom been reported.
In the present work, a novel 3D thermal conductivity numerical model was developed. The model was built based on node temperature inheritance (NTI), with the heat transfer behaviors of the mold and billet analyzed synchronously. The developed 3D model was validated using industrially measured mold temperatures and compared with a traditional 2D mold heat transfer model. Finally, the model was applied to the study of the effect of copper wall scale on the heat transfer behaviors in the billet mold.
Model description Mathematical model for thermal conductivity
According to the characteristics of the solidification of molten steel and the heat transfer in the mold, combined with previous research experience [5] [6] [7] [8] [9] [10] [11] [12] , the following simplifications and assumptions were made: (1) The effective thermal conductivity coefficient is equivalent to the heat transfer in the solid-liquid phase and the molten steel pool. Then, the heat transfer in the billet can be simplified to be a thermal conductivity process. (2) Convection, radiation, and other heat transfer behaviors in the area between the copper wall and shell are simplified as an equivalent thermal resistance. Then, the heat transfer between the shell and mold can be simplified to be a thermal conductivity process. (3) The CC process in the mold is in a stable state. (4) The effect of mold oscillation on heat transfer is negligible. (5) The heat transfer coefficient between mold wall and cooling water is kept constant. The heat transfer from the billet to the cooling water through the copper mold wall is governed by the following partial differential equation (PDE) for heat conduction:
For comparison with the 3D model, a traditional 2D nonsteady heat conduction model of the mold was established, for which the mold heat conduction in the longitudinal direction was neglected:
Here, T is the temperature, K; ρ is the density, kg· m
; τ is time, s; c is the specific heat capacity, J· kg 
Entity model
The model simulates a quarter of a 150 × 150 mm 2 billet
and mold. Figure 1 shows 3D discrete grids of the whole mold and billet shell. There are 11,356 meshes in the mold and 45,528 meshes in the shell, and the mesh near the shell surface is finer than that of the interior of the shell. Once the numeric model was built, many mesh patterns for the mold and shell were used to perform initial calculations; then, a suitable mesh pattern was found, and a grid-free solution could be obtained. The mathematical model was solved using a commercial code (ANSYS 14.0 software with SOLID 70 element). For comparison, a 2D transient model based on the traditional method was established, for which the longitudinal heat transfer in the mold was ignored, and simulations for the billet and mold were run simultaneously. The 2D model also simulated a quarter of a 150 × 150 mm 2 billet and mold. The mathematical model was also solved using a commercial code (ANSYS 14.0 software with SOLID 55 element). Figure 2 shows the 2D discrete grids of the whole mold and billet shell. There were 96 meshes 
Boundary conditions
The relevant boundary conditions are as follows: (1) The top and bottom of the mold were considered to be adiabatic, and heat loss on the top surface of molten steel was ignored.
(2) On the symmetrical surface of the billet and mold wall, the Neumann boundary condition was adopted, and the heat flux was 0.
between the mold and cooling water was calculated using the following equation [13] :
where λ is the thermal conductivity of the cooling water, W· m −2 · K −1 ; D is the equivalent diameter of the cooling water, m; ρ is the density of the cooling water, kg· m −3 ;
νis the flow rate of the cooling water, m· s −1 ; and μ is the kinetic viscosity of the cooling water, N· s· m −2 .
(4）In the copper wall area with scale, the thermal contact resistance between the scale and mold wall was neglected. The comprehensive heat transfer coefficient (h
between the cooling water and mold wall was described by the following equation: [14] . With increasing distance from the meniscus, the thickness of the scale gradually decreased. At a water velocity of 10 m/s, the equivalent heat transfer coefficients between the mold and cooling water with different scale thickness were calculated using eq. (3) and eq. (4), and the results are presented in Figure 3 . As observed in Figure 3 , the heat transfer coefficient continuously increased with increased scale thickness. In the area without scale, the convection heat transfer coefficient was constant at 3.5 × 10 4 W· m
It is difficult to determine the exact thermal resistance for a specific technological condition. Therefore, in this paper, the distribution characteristics of the equivalent thermal resistance between the copper wall and shell were set in accordance with ref [15] . Because of the differences in the billet cross-section, steel grade, and mold slag and casting parameters, the resistance must be corrected. The average heat flow of the mold was determined using the temperature difference and flow rate of the cooling water in the actual production. By comparing the difference between the above heat flow and calculated heat flow, the equivalent thermal resistance parameters were corrected and calculated repeatedly.
Computational procedure for 3D-NTI method
During the CC process, the mold location is relatively constant (ignoring the mold oscillation), whereas the billet moves downward at a certain casting speed. As mentioned above, some traditional computational models ignore this significant feature. In the 3D-NTI model, the heat transfer behaviors of the mold and billet were analyzed synchronously. During the simulation, the heat transfer behaviors of the copper wall and billet were addressed in different ways. In the interior of the mold wall, the temperature was inherited by itself. In the billet, depending on the casting speed, the temperatures of all the nodes inherited the temperature of the upper corresponding nodes through a time step of heat conduction. Using the above procedures, the motion feature of the mold and billet in actual production could be simulated. Then, the iterative computation was started to obtain a steady state. The steady-state criterion was a difference between the temperatures of the nodes of the two iterations of less than 1°C.
Afterward, the heat flows transferred from the shell and taken away by the cooling water were compared. If the difference between the above two heat flows was acceptable (＜1 %), the calculation would be completed. Otherwise, the equivalent thermal resistance was corrected in equal proportion. Using a personal computer with a Core TM i7 CPU and 8 G memory capacity, the total operation of the current model takes approximately 20 h. The corresponding flowchart of the calculation process is presented in Figure 4 . This model can easily solve the thermal conductivity problems of the mold for a square, round, or beam blank billet; conventional slab; and even a thin slab cast using a funnel-shaped mold [16] .
Production parameters
A typical mold was used to cast a 5330t billet, as shown in Figure 5 . The scale outside the mold wall is clearly visible. The thickest area of the scale is near the meniscus and gradually decreases with decreasing height. There is less scale in the corner zone of the mold. With full consideration of the above features, the scale in the model was located at a distance from the meniscus of 0-300 mm and uniformly thinned along the casting direction. With decreasing height, the scale thickness was gradually reduced to 0 mm.
The steel composition is shown in Table 1 , and the operating conditions and parameters of the mold are presented in Table 2 .
Results and discussion

Verification and comparison
To verify the accuracy of the 3D-NTI model, mold temperature fields at casting speeds of 1.20 and 2.50 m/min were analyzed. The temperature variations of the hot face of the mold at different casting speeds are shown in Figure 6 . The industrialized measurement results [17, 18] of the center temperature of the hot face at casting speeds of 1.22 and 1.80 m· min −1 during productions of w[C] (mass, %) = 0.14 and 0.60 grade steels are also marked in Figure 6 . The calculated results at a casting speed of 1.20 m/min were in good agreement with the results industrially measured by Pinheiro [17] . Comparison of the red lines with the black dots reveals that there were slight deviations between the 2.50 m/min calculated results and Tao's industrial data in some regions [18] , which may be due to the different casting speed, carbon content, and mold slag. The highest temperature location of the copper wall was approximately 30 mm below the meniscus. In general, the temperature variation trend was consistent for the numerical analysis results and industrial measurement data. The temperature distributions of the hot face and cold face analyzed using the 3D-NTI model and traditional 2D model are presented in Figure 7 . The results were calculated at a casting speed of 2.50 m/min, and there was no scale on the mold surface.
Significant differences in the copper wall temperature results for the 2D and 3D models were observed in the range of −70 mm to 600 mm below the meniscus.
(1) From the 3D model analysis results, because the mold wall above the meniscus is not in contact with molten steel, there is a large temperature gradient in the vertical direction. However, the 2D model cannot determine the temperatures of the mold above the meniscus because of the limitations of its design mechanism. (2) The temperature distribution analyzed by the 2D model is obviously not consistent with the industrially measured data (presented in Figure 6 ). Based on industrial production experience, the most likely location of the copper wall deformation [19] and scale precipitation (shown in Figure 5 ) is 0-50 mm below the meniscus. However, for the 2D model, the maximum temperature occurs approximately 160 mm below the meniscus. These two positions are not consistent. This discrepancy is due to the main self-defect of the traditional 2D model. In the 2D model, the initial temperature of the mold wall is room temperature. Therefore, the formation of the maximum temperature in the mold wall must wait for the billet to run down for a certain distance. Therefore, the maximum temperature point in the 2D model will be lower than the actual position. In the 3D model, the highest temperature point is located 30 mm below the meniscus. When compared with the industrially measured data, the 3D-NHI model describes the actual production state of the mold more accurately than the 2D model. (3) In the area near the outlet of the mold, the temperature distributions by the two models are basically the same, which indicates that after a period of heat transfer, the effect of the temperature field on the upper mold wall is weakened. As the copper has excellent thermal conductivity, the heat transfer in the mold is mainly horizontal rather than vertical.
Mold temperature with different scale thickness
The half-softening temperature is usually used for comparison with the maximum temperature to predict the pattern of mold distortion. However, the half-softening temperature is greatly affected by the service time. As shown in ref. [2] , upon increasing the service time from 100 to 500 h, the half-softening temperature of silver-free copper decreased from 267°C to 185°C (540 K to 458 K). In ref. [20] , the researchers report that the recrystallization temperature of TP2 grade copper is approximately 200°C (473 K). Based on the established 3D-NHI model, the heat transfer characteristics of the mold at a casting speed of 2.50 m/min with a scale thickness (near the meniscus) of 0-0.5 mm were analyzed. The temperature variation of the mold surface in a typical area is shown in Figure 8 . According to the results presented in Figure 8 (a) and (b), scale deposition had a significant effect on the temperature field in the upper part of the mold. This effect caused slight thinning of the shell, as discussed later in this paper. It can also be observed in Figure 8 that in the lower part of the mold, the change of the copper wall temperature was not obvious for different scale thicknesses. Although the shell was thinned by the decrease of the upper heat transfer, because the heat conductivities were very high inside the copper wall and at the interface between the copper wall and cooling water, the increase of the heat flux could be easily carried away by cooling water; therefore, the copper wall temperature did not increase significantly. Therefore, the increase of the temperature of the lower part of the cold face of the copper wall was relatively small.
On the hot face, when there was no scale on the mold, the maximum temperature of the mold wall was 174°C (447 K). This temperature is much lower than the recrystallization temperature of the copper mold (TP2). Therefore, the mold will not deform plastically and can work stably for a long time. Upon increasing the scale thickness to 0.3 and 0.5 mm, the maximum temperature on the hot face of the mold increased to 308°C (581 K) ο C (637 K), respectively, which exceeded the recrystallization temperature of the phosphorus deoxidized copper.
In addition, as shown in Figure 8 , the change in the scale thickness did not cause the highest temperature position to change. However, with increasing scale thickness, the high- temperature area of mold wall was gradually enlarged. The distributions of the high-temperature areas on the hot and cold faces of the mold with the scale thickness of the mold wall reaching 0.5 mm near the meniscus are presented separately in Figure 9 . As shown in Figure 9 (a), in the range of 10-220 mm below the meniscus, the temperature of the mold hot face was greater than 200°C (473 K), which will lead to plastic deformation of the mold tube and aggravate stripping of the coating. It can be concluded that if the mold is working in this state for a long time, a series of billet quality issues will arise. On the cold face, it can be observed that the hightemperature region (higher than 100°C) for the calculated results (in Figure 9(b) ) is basically the same as the scale deposition area on the actual mold (in Figure 5 ). This finding indicates that the scale precipitation is closely related to the high temperature of the copper wall. Figure 8 (b) shows that if there is no scale on the copper surface, the maximum temperature on the cold face of copper wall is 94°C (372 K); thus, the cooling water will not boil in the mold cooling water channel. When the scale deposits on the mold, the temperature of the mold wall near the meniscus region will rise substantially. If a 0.1-mm-thick scale is present on the mold near meniscus, the highest temperature of the cold face of the mold will increase to 153°C (426 K), and the cooling water may be boiling in this area. When the thickness of the scale reaches 0.3 mm or even 0.5 mm, the surface temperature of the copper wall will be even higher. The boiling of water intensifies the precipitation and adhesion of scale on the mold wall and increases the heat resistance for the heat transfer. Thus, the temperature of the mold wall will rise further, leading to a detrimental cycle.
Effect of scale thickness on billet solidification
Under the same conditions, the growth law of the shell thickness for different scale thicknesses was determined using the 3D model, as shown in Figure 10 . At the mold outlet, upon increasing the scale thickness from 0 to 0.5 mm, the thickness of the shell in the surface center was reduced from 9.4 to 9.1 mm. In the corner of the billet, as there was no scale, little difference was observed in the shell thicknesses.
Conclusions
Based on NTI, a novel 3D heat conduction model was established. The temperature fields of the mold and billet were analyzed synchronously, and the effect of the scale thickness on heat transfer was studied. The following conclusions were drawn: (1) The 3D-NTI model can more accurately describe the temperature distribution in the mold than the 2D model. The highest temperature of the mold wall is 30 mm below the meniscus. ( 2) The quality of the cooling water is critical for CC production because scale on copper will cause a sharp rise of the mold wall temperature. Upon increasing the scale thickness from 0 to 0.5 mm, a high-temperature area ( > 100°C) of the cold face of the mold wall appears and rapidly expands, which may cause boiling of the cooling water. In addition, the maximum temperature of the hot face of the mold increases from 174°C to 364°C (447 K to 673 K), which will lead to plastic deformation of the mold tube and aggravate stripping of the coating. (3) The shell thickness is slightly affected by the scale.
Upon increasing the scale thickness from 0 to 0.5 mm, the shell thickness at the mold outlet is reduced by 0.3 mm.
